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ABSTRACT
We investigate the regulation of an E.coli iron-sulfur protein DNA damage
inducible DNA helicase (DinG) by single-stranded DNA binding protein (SSB). We find
that SSB can form a stable protein complex with DinG and stimulate the DinG DNA
helicase activity. On the other hand, SSB mutant that retains the single-stranded DNA
binding activity but fails to form a protein complex with DinG becomes a potent inhibitor
for the DinG DNA helicase. The results indicate SSB stimulates the DinG DNA helicase
activity via direct protein-protein interaction. The results from these studies suggest that
iron-sulfur proteins are regulated not only by intracellular metal homeostasis but also by
specific protein factors in cells.
We also describe a novel iron binding protein YrdD in E.coli cell. YrdD is a
homolog of the C-terminal zinc-binding region of E.coli topoisomerase I. Purified YrdD
contains both zinc and iron. Supplement of exogenous zinc in the growth medium
abolishes the iron binding of YrdD in E. coli cells, indicating that iron and zinc may
compete for the same metal binding sites in the protein. While the zinc-bound YrdD is
able to bind single-stranded (ss) DNA and protect ssDNA from the DNase I digestion in
vitro, the iron-bound YrdD has very little or no binding activity for ssDNA, suggesting
that the zinc-bound YrdD may have an important role in DNA repair by interacting with
ssDNA in cells.
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CHAPTER 1. INTRODUCTION
1.1 Iron-sulfur clusters
The oldest and most versatile inorganic cofactor is probably iron-sulfur cluster (1).
In the anaerobic atmosphere of ancient earth, iron-sulfur cluster may already exist (2).
Following the discovery of ferredoxin as an iron-sulfur cluster containing protein in the
1960s (3), over 500 unique iron-sulfur proteins have been discovered in Achaea, bacteria,
plants and animals (4).
Although more complex structures exist, the chemically simplest iron-sulfur
clusters are [2Fe-2S] and [4Fe-4S] types (Figure 1.1) (5). Iron-sulfur clusters are usually
coordinated by cysteine or histidine residues in protein (6). They participate in
physiological possesses such as photosynthesis and respiration, nitrogen fixation, DNA
synthesis and repair, ribosome biogenesis, lipoic acid and heme biosynthesis, and
regulation of gene expression (7).
The most common function of iron-sulfur cluster is electron transfer because iron
can readily donate or accept electrons (8). For examples, iron-sulfur clusters in
mitochondrial complex I facilitate efficient capture of chemical energy from NADH as
electron moves through respiratory chain complexes (9). Another function of iron-sulfur
cluster is directly involved in enzyme catalysis. For example, a non protein-coordinated
Fe at one edge of a [4Fe-4S] cluster in aconitase protein serves as a Lewis acid to assist
H2O abstraction from aconitate, which is converted to isocitrate (10). A third role of ironsulfur cluster is acting as a sensor of environmental or intracellular conditions to regulate
gene express. Examples include the bacterial transcription factors FNR SoxR, IscR, and
mammalian IRP1 (11-13). For example, SoxR [2Fe-2S] cluster, while principally serving
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as a sensor for superoxide, can also be activated by NO (14). The nitrosylated SoxR will
activate transcription similar to that of SoxR with an oxidized [2Fe-2S] clusters (15).

Figure 1.1 Iron-sulfur clusters.
A), a [2Fe-2S] cluster. B), a [4Fe-4S] cluster. Both clusters are depicted with the iron
atoms coordinated with sulfhydrl gourps (RS).
1.2 Iron-sulfur cluster biogenesis
Iron-sulfur cluster proteins are ubiquitous in biological systems, and the
mechanism by which these clusters are assembled is not yet fully understood. Iron-sulfur
clusters can form spontaneously under anaerobic conditions in vitro using ferrous iron
and sulfide in the presence of a reducing agent (16). However, iron and sulfide at high
concentrations, are highly toxic to cells (4). As free iron and sulfide ions can produce
reactive oxygen species (ROS) via Fenton chemistry which result in macromolecular
damage in cells (17). Throughout evolution, organisms have adapted complex systems to
efficiently assemble iron-sulfur clusters in proteins.
Recent studies have identified three types of biosynthetic machineries: NIF, ISC
and SUF, for iron-sulfur cluster assembly (18-20). The NIF system is specific for
maturation of nitrogenase in Azotobacter vinelandii and other nitrogen fixing bacteria.
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The ISC system is for housekeeping iron-sulfur proteins. While, the SUF has a similar
function as ISC except they are expressed only under oxidative-stress conditions or iron
starvation condition (21). During evolution, the ISC system might be transferred to
eukaryotes by endosymbiosis, whereas plastids host the SUF system (22,23). In
eukaryotic cells, mitochordric are the primary sites for iron-sulfur cluster biogenesis. The
iron-sulfur cluster assembly proteins in cytosol and nuclei appears to require the
assistance of mitochondrial ISC assembly machinery, a mitochondrial ISC export system
and the essential cytosolic iron-sulfur protein assembly (CIA) machinery (7).

1.3 Iron-sulfur cluster in E. coli
E. coli, as the model organism, provides great insight into the details of ironsulfur cluster biosynthesis and delivery to apo-proteins (24). The iscRSUA-hscBA-fdxIscX gene cluster in E.coli encodes eight proteins (25).

Figure 1.2 The isc gene cluster in E.coli.
The encoded proteins and their number of amino acids are listed below the respective
genes. A, IscR is a [2Fe-2S] protein and repressor of the ISC gene cluster. B, IscS, IscU
and IscA comprise the basal assembly machinery. C, Co-chaperones HscB and HscA
stimulate iron-sulfur cluster delivery to recipient proteins. D, Ferredoxin(Fdx) is a [2Fe2S] protein predicted to provide electrons for iron-sulfur cluster maturation. E, IscX is
predicted to interact with IscS and IscU to modulate iron-sulfur cluster assembly.
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IscR, containing a [2Fe-2S] cluster, is a transcriptional repressor that represses the
expression of ISC gene cluster (26). The repression activity of IscR prevents wasteful
iron-sulfur cluster assembly if iron-sulfur clusters in cells are abundant. During oxidative
stress or iron starvation condition, IscR lacking an iron-sulfur cluster is generated, which
fails to repress the ISC gene cluster and leads to an increase of iron-sulfur cluster
assembly (27).
IscS is a pyridoxal phosphate (PLP)-dependant cysteine deslfurase that extracts
sulfur from L-cysteine. This enzymatic reaction generates a sulfur atom that is picked up
by the conserved C328 residue and transferred to IscU (28). IscS can also transfer sulfur
for biosynthesis of thiamine (29,30).
IscU is a scaffold protein upon which nascent iron-sulfur clusters are built (31). In
vitro studies of IscU showed that [2Fe-2S] clusters are assembled in IscU first. Two [2Fe2S] clusters maybe converted to [4Fe-4S] cluster (32), which can be transferred
subsequently to apo-aconitase (33). IscU contains three highly conserved cysteine
residues, and one conserved histidine residues and a conserved “LPPVK” motif (4).
Many steps are involved in iron-sulfur cluster assembly on IscU (34,35). This process,
however, is inhibited by bacterial frataxin protein CyaY, which is external to the isc
operon (36,37).
IscA

is

another

key

member

of

the

iron-sulfur

cluster

assembly

machinery in E.coli (24,38). The protein is highly conserved among aerobic organisms
from bacteria to humans (39). Biochemical studies have shown that IscA may act as an
alternative scaffold (40,41) or intermediate carrier for iron-sulfur cluster biogenesis(4244). However, unlike other scaffold proteins such as IscU (45,46), E. coli IscA has a
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unique and strong iron binding activity in vitro (47-49) and in vivo(50) . Structurally, E.
coli IscA is a homodimer with three conserved cysteine residues (Cys-35, Cys-99 and
Cys-101) from each monomer forming a “cysteine pocket” between two monomers
(51,52) .The site-directed mutagenesis studies showed that the “cysteine pocket” is
essential for the iron binding activity in vitro (53) and for the physiological function of
IscA in E. coli cells (54). The “cysteine pocket” in IscA appears to be highly flexible to
accommodate a mononuclear iron or an iron-sulfur cluster without significant change of
the structure (55) .
Recent studies further showed that iron binding activity of IscA is conserved, as
IscA homologues from Azotobacter vinelandii (56), Saccharomyces cerevisiae (57), and
human (58) also have a strong iron binding activity. Furthermore, the iron center in IscA
can be mobilized by L-cysteine (59) and transferred for iron-sulfur cluster assembly in
target proteins in vitro (49), suggesting that IscA may act as an iron chaperone to deliver
iron for iron-sulfur cluster biogenesis. In addition, substitution of the highly conserved
residue tyrosine 40 with phenylalanine (Y40F) in IscA results in a mutant protein that has
a diminished iron binding affinity but retains the iron-sulfur cluster binding activity.
Genetic complementation studies showed that the IscA Y40F mutant is inactive in vivo,
suggesting that the iron binding activity is essential for the function of IscA in iron-sulfur
cluster biogenesis (60). In human cells, depletion of IscA1 results in deficiency of ironsulfur cluster assembly in mitochondria and cytosol. In A. vinelandii, depletion of IscA
homologue leads to a null growth phenotype when cells are cultured under the oxygenelevated conditions (61). In E. coli, deletion of iscA and its paralogue sufA also produces
a null growth phenotype in M9 minimal media under aerobic conditions (54,62). Further
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studies revealed that deletion of iscA and sufA blocks the [4Fe-4S] cluster assembly
without significant effect on the [2Fe-2S] cluster assembly in E. coli cells under aerobic
growth conditions (63), suggesting that IscA/SufA may have a crucial role for the [4Fe4S] cluster assembly in E. coli cells. Consistent with this idea, other research groups have
also reported that IscA homologues are essential for the [4Fe-4S] cluster assembly in S.
cerevisiae (57) and human cells (64).
HscB and HscA are chaperone proteins. HscA, which has ATPase activity, can
bind to IscU in the canonical Hsp70 nucleotide-dependent manner. The C-terminal
domain of HscB can also bind to IscU, whereas the N-terminal of HscB is responsible for
interacting with HscA and stimulating its ATPase activity, promoting the transfer of
cluster from IscU to recipient protein (65).
Ferredoxin contains a stable [2Fe-2S] cluster coordinated by four-conserved
cysteine residue. Although its function is not fully understood, ferredoxin is predicted to
act as the electron donor for iron-sulfur assembly on IscU due to its association with IscS
and its ability to reductively couple two [2Fe-2S] clusters to form a [4Fe-4S] cluster on
IscU (66-68).
IscX is a small acidic protein whose physiological role has been unclear (25).
Recently, IscX has been proposed as a possible iron donor for iron-sulfur cluster
biogenesis (69). However, like frataxin, IscX has a weak iron binding activity (70),
deletion of IscX has very little effect on iron-sulfur proteins in E.coli cells, indicating
that IscX may have functions other than directly providing iron for iron-sulfur cluster
assembly under physiological conditions.
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Figure 1.3 The proposed USA model for iron-sulfur cluster assembly.
A, L-cysteine first extracts iron from IscA by thiol exchange. B, IscS catalyzes the
desulfurization of Fe-bound L-cysteine. C, IscS releases L-alanine and harbors the Fe-S
moiety with in a persulfid bond, which is transferred to IscU. D, Additional iron and
sulfur builds the [Fe-S] cluster on IscU.
1.4 Iron-sulfur cluster biogenesis and human diseases
The iron-sulfur cluster biogenesis is fundamental to a variety of cellular
processes. Homologous ISC-assembly proteins within eukaryotes mitochondria, along
with the cytosolic iron-sulfur cluster assembly system, produce nearly all iron-sulfur
clusters inside cell (71,72). Because DNA helicases (73), DNA polymerase (74),
transcription factors (75), DNA glycosylases and the electron transport complexes among
others require iron-sulfur clusters, it is not surprising that disruption of iron-sulfur cluster
biogenesis causes human diseases. For example, diminished expression of frataxin causes
Friedreich’s ataxia (FRDA) (76). Low expression of Glutaredoxin 5, which can
accommodate a [2Fe-2S] cluster, is associated with deficient sideroblastic (77). Splicing
defect in ISCU is linked to myopathy (78,79). Recent evidence also suggests that
degraded iron-sulfur clusters form ROS, which lead to oxidative damage in the brains of
Parkinson’s disease patients (80,81).
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1.5 Iron-sulfur cluster protein DinG
The DNA damage-inducible protein DinG was initially identified from genetic
screening in response to DNA-damaging agents in E. coli (82-84). The sequence analysis
predicted that E. coli DinG is a member of the superfamily 2 DNA helicases (85).
Purified E. coli DinG has an ATP-dependent helicase activity that unwinds doublestranded DNA (86), DNA–RNA duplex, D-loops, and R-loops (87) , indicating that DinG
may have an important role in recombinational DNA repair and resumption of replication
following DNA damage (87). Although the physiological function of DinG is not fully
understood, recent studies suggested that DinG may act to remove R-loops or together
with other DNA helicases Rep and UvrD to promote replication across highly transcribed
regions in E. coli genome (88) . Nevertheless, deletion of the gene dinG has only a mild
effect on E. coli cell viability and sensitivity to UV radiation (89), likely because of
redundant helicase activities in cells.
Structurally, E. coli DinG is closely related to yeast DNA helicase Rad3 (90) and
human

DNA

helicases

Xeroderma

pigmentosum

factor

D

(XPD)

(91,92) ,

FANCJ/BACH1 (BRCA1-associated C-terminal helicase) (93) , CHLR1 (a DNA helicase
involving in sister chromatid cohesion) (94) , and RTEL1 (a regulator of telomere length)
(95) ( Figure 1.4) . XPD is a member of both the transcription initiation complex TFIIH
of RNA polymerase II and the nucleotide excision repair pathway (91,92). Inherited
mutations in XPD have been linked to at least three human diseases: xeroderma
pigmentosum, Cockayne syndrome, and trichothiodystrophy (91). BACH1 has been
shown to physically interact with the BRCT motifs of BRCA1 (breast cancer 1 protein)
(96). Inherited mutations in BACH1 have been implicated in deficiency of the cross-link
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repair pathway in Fanconi anemia patients (97). Surprisingly, recent studies have
revealed that XPD homologs from Sulfolobus acidocaldarius (90), andFerroplasma
acidarmanus(98) contain an iron-sulfur cluster located between the Walker A and B
motifs in the N terminus of the protein and that the iron-sulfur cluster is essential for
helicase activity (90,98) . Mutations that affect iron-sulfur cluster binding or stability in
XPD abolish helicase activity (90) . X-ray crystallographic studies further revealed that
the [4Fe-4S] cluster is located in the vicinity of the DNA-binding site of XPD (99-101).
Furthermore, like yeast Rad3 (90) and human XPD, E. coli DinG contains a
[4Fe–4S] cluster that is essential for the DNA helicase activity (102). While the redox
property and physiological role of the iron–sulfur cluster in XPD/Rad3 still remain
elusive (103,104), we previously reported that the [4Fe–4S] cluster in E. coli DinG is
stable and the DNA helicase activity remains fully active after the protein is exposed to
100-fold excess of hydrogen peroxide (102) . On the other hand, reduction of the [4Fe–
4S] cluster in DinG reversibly switches off the DNA helicase activity, suggesting that the
helicase activity could be regulated by intracellular redox potentials via the [4Fe–4S]
cluster (102).

Figure 1.4 E.coli DinG is closely related to human DNA helicases XPD and BACH1.
The identity (red) and similarity (blue) between DinG, XPD, and BACH1 in the regions
of helicase motifs.
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1.6 Iron binding of Topoisomerases and its homolog YrdD
Zinc is an essential trace metal that facilitates correct folding of proteins,
stabilizes the domain structure, and plays important catalytic roles in enzymes (105). In E.
coli, zinc accumulates to similar levels as calcium and iron (~0.2 mM) under normal
growth conditions (106). Depletion of zinc in growth medium results in slow-growth
phenotype and activation of zinc uptake systems (107), indicating that zinc has crucial
roles in E. coli cells.
DNA topoisomerases are absolutely essential to solve topological problems
arising from double-helical structure of DNA. DNA topoisomerases are widely
distributed in organisms ranging from bacteria to humans (108), and are essential for
DNA replication, transcription, recombination, and chromatin remodeling (109,110).
Topoisomerases have two subfamilies: Type I topoisomerases (Topo I) introduce
transient DNA single-stranded breaks in order to change the topological linking number
of a double-stranded DNA molecule , whereas type II topoisomerases (Topo II) introduce
transient double-stranded breaks and change the linking number (110).
E. coli topoisomerase I (TopA) belongs to type I subfamily (111,112). When
gene topA encoding topoisomerase I is deleted, the mutant E. coli cells are not viable at
low temperature (<30°C) (113), and are hypersensitive to high temperature (>50°C) or
oxidative stresses (114,115). Structurally, E. coli TopA has an N-terminal catalytic
fragment (67 kDa) and a C-terminal zinc-binding region (30 kDa). While the N-terminal
catalytic fragment is sufficient for cleaving the single-stranded DNA, the C-terminal
zinc-binding region is required for relaxing the negatively supercoiled DNA (116,117)
and for interacting with RNA polymerase (118) . The crystal structure of the E.
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coli TopA N-terminal fragment revealed that the catalytic core has a toroidal fold
enclosing a central hole to accommodate substrate DNA (119,120). However, the crystal
structure of full-length E. coli TopA containing both the N-terminal fragment and the Cterminal zinc-binding region is still not available.
It has also been reported that the enzyme activity of topoisomerase I is regulated
by the C-terminal and N-terminal domain interactions and by divalent metal ions such as
Mg2+ and Mn2+. In previous studies, we found that E. coli TopA is able to bind not only
zinc, but also iron in E. coli cells, depending on the iron and zinc contents in the growth
medium. Whereas the zinc-bound TopA is active to relax the negatively supercoiled
DNA, the iron-bound TopA has very little or no such enzyme activity. Furthermore,
excess iron in the M9 minimal medium is able to compete with the zinc binding in TopA
in E. coli cells and attenuates the TopA topoisomerase activity. The results suggested that
TopA topoisomerase activity may be regulated by the iron and zinc binding in E.
coli cells (121).
Genome-wide search revealed that E. coli has two topoisomerase I homologs:
topoisomerase III and a function-unknown protein YrdD. Topoisomerase III is
homologous to the N-terminal domain of topoisomerase I and has a crucial role in
genomic stability (122) and chromosome segregation (123). On the other hand, YrdD is
homologous to the C-terminal zinc-binding region of topoisomerase I. YrdD is highly
conserved among proteobacteria and enterobacteria. Although the function of YrdD is
unknown, recent genetic studies indicated that YrdD may have an important role in DNA
repair as inactivation of YrdD suppresses the severe growth inhibition phenotype of an E.
coli mutant with deletions of the key DNA recombination repair protein RecA and the
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bacterial dNTPase RdgB which removes non-canonical DNA precursors such as dIPT in
cells (124).
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CHAPTER 2. STIMULATION OF ESCHERICHIA COLI DNA DAMAGE
INDUCIBLE DNA HELICASE DING BY THE SINGLE-STRANDED DNA
BINDING PROTEIN SSB
2.1 Introduction
Escherichia coli gene dinG (DNA damage inducible gene G) is a member of the
regulon induced by DNA damaging agents (1). Purified E. coli DinG has an ATPdependent helicase activity that unwinds double-stranded DNA (2), DNA-RNA duplex,
D-loops, and R-loops (3). Although the physiological function of DinG has not been
fully understood, recent studies suggested that DinG may act to remove R-loops or
together with other DNA helicases Rep and UvrD to promote replication across highly
transcribed regions in E. coli genome (4).

Structurally, E. coli DinG belongs to

superfamily II DNA helicases with 5’ to 3’ direction (2), and is closely related to yeast
DNA helicase Rad3 (5) and human DNA helicases XPD (Xeroderma pigmentosum factor
D) (6,7), FANCJ/BACH1 (BRCA1-associated C-terminal helicase) (8), CHLR1 (a DNA
helicase involving in sister chromatid cohesion) (9), and RTEL1 (a regulator of telomere
length) (10). Furthermore, like yeast Rad3 (5) and human XPD (11-14), E. coli DinG
contains a [4Fe-4S] cluster that is essential for the DNA helicase activity (15). While the
redox property and physiological role of the iron-sulfur cluster in XPD/Rad3 still remain
elusive (16,17), we previously reported that the [4Fe-4S] cluster in E. coli DinG is stable
and the DNA helicase activity remains fully active after the protein is exposed to 100fold excess of hydrogen peroxide (15). On the other hand, reduction of the [4Fe-4S]
cluster in DinG reversibly switches off the DNA helicase activity, suggesting that the
This chapter previously appeared as Zishuo Cheng, Aimee Caillet, Binbin Ren, Huangen
Ding, Stimulation of Escherichia coli DNA damage inducible DNA helicase DinG by the
single-stranded DNA binding protein SSB, 10/01/2012. It is reprinted by permission of
Elsevier.
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helicase activity could be regulated by intracellular redox potentials via the [4Fe-4S]
cluster (15).
Exposure to DNA damaging agents would dramatically increase the number of
single-stranded DNA (ssDNA) ends. In response, cells utilize the specialized ssDNA
binding proteins (SSB) to protect ssDNA ends from further damage or re-annealing (1820). Importantly, recent studies further showed that SSB not only binds ssDNA but also
interacts with a diverse group of DNA processing enzymes (see review (21)). Since both
SSB and DinG are highly induced when E. coli cells are subject to DNA damaging agents
(18), it would be of interest to explore the possible regulation of the DinG DNA helicase
activity by SSB. In this study, we report that E. coli SSB is able to form a stable protein
complex with DinG and to stimulate the DinG DNA helicase activity.

A possible

mechanism underlying the SSB-mediated stimulation of the DinG DNA helicase activity
will be discussed.

2.2 Materials and Methods
Protein preparation
A DNA fragment encoding the single-stranded DNA binding protein (SSB) was
PCR-amplified from E. coli genomic DNA using two primers, SSB-1, 5’GGAGACACGCATATGGCCAGCAGAG-3’,

and

SSB-2,

5’-

ATTGTGCTAAGCACAAATCAGAACG-3’. The PCR product was digested with NdeI
and BlpI, and ligated into an expression vector pET28b+. The cloned DNA fragment was
confirmed by DNA sequencing and introduced into an E. coli strain BL21. Recombinant
SSB was overproduced in the E. coli cells grown in LB media under aerobic conditions.
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Cell extracts were treated with DNase (10 units/mL) to remove DNA before protein was
purified as previously described in (15). The N-terminal his-tag in SSB was removed by
digestion with thrombin overnight and protein was re-purified using Mono-Q column.
Purified SSB contains three extra amino acid residues (Gly-Ser-His) in N-terminus and
an intact C-terminus which is responsible for specific interaction with multiple DNA
processing proteins (21). SSB mutant F177C (Phe-177 to Cys) was constructed using the
Quikchange mutagenesis kit (Stratagene), and confirmed by DNA sequencing. SSB
mutant protein was purified as described for wild-type SSB. Purified wild-type SSB and
SSB mutant F177C showed the same ssDNA binding activity, as reported previously by
others (22). Recombinant E. coli DNA helicase DinG was purified as described in (15).
The purity of purified proteins was analyzed using SDS-polyacrylamide electrophoresis.
The protein concentration of purified SSB and DinG was estimated from the absorption
peak at 280 nm using an extinction coefficient of 27.9 and 78.7 mM-1cm-1, respectively.
The bacteriophage single-stranded DNA binding protein gp32 (19) was purchased from
New England BioLab.
Protein-protein interaction analyses
A gel filtration column (SuperdexTM 200 (10/300GL)) attached to the ÄKTA
FPLC system (GE Healthcare Life Sciences) was used for the protein complex analyses.
The column was calibrated using the standard gel filtration protein markers (Sigma). For
each run, protein sample (500 mL) was loaded onto the column and eluted with buffer
containing NaCl (500 mM) and Tris (20 mM, pH 8.0) at a flow rate of 0.5 mL/min inside
a 4oC refrigerator. Eluted fractions (0.5 mL) were collected and aliquots were subject to
the SDS polyacrylamide electrophoresis.
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The protein-protein interactions were also analyzed using the protein coprecipitation approaches following the procedure described in (23).

Unlike most

proteins, E. coli SSB precipitates at 150 g/liter ammonium sulfate. If a protein forms a
complex with SSB, the protein will co-precipitate with SSB in the presence of 150 g/liter
ammonium sulfate in solution (23).
DNA helicase activity assay
The DNA helicase activity of E. coli DinG was analyzed following the procedure
described by Voloshin et al. (2) with slight modifications (15). Briefly, an
oligonucleotide
(5'CCGTAACACTGAGTTTCGTCACCAGTACAAACTACAACGCCTGTAGCATTC
CACA-3') was labeled with
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P-g-ATP using polynucleotide kinase (New England

BioLab). The 32P-labeled oligonucleotide (0.2 mM) was annealed to M13mp18 ssDNA
(0.1 mg/mL) (Fisher Scientific) in annealing buffer containing Tris (50 mM, pH 7.5),
NaCl (50 mM) and MgCl2 (10 mM). The DNA solution was heated at 85oC for 5 min
and cooled to room temperature over 3 hours. The annealed DNA duplex was purified
using a gel filtration spin-column Chromaspin 400 (Clontech co.) pre-equilibrated with
annealing buffer.

The annealed substrate (at a final concentration of 2 nM) was

incubated with indicated concentrations of DinG protein in 20 mL the reaction solution
containing Tris (50 mM, pH 7.5), NaCl (100 mM), MgCl2 (5 mM), dithiothreitol (2 mM),
glycerol (5%), and ATP (2 mM) at 30oC for 10 min. For each experiment, two controls
in which the substrate was either denatured by heating at 85 °C for 5 min or incubated at
30oC for 10 min without any enzymes were included. The reactions were terminated by
adding 4 ml stop solution (containing 6% SDS, 60 mM EDTA and 0.3% Bromophenol

28

Blue). The reaction products were separated on 1% TAE agarose gel, transferred to
nitrocellulose membranes, and exposed to x-ray films overnight for quantification of the
reaction products.

2.3 Results and Discussion
E. coli DinG forms a stable protein complex with single-stranded DNA binding
protein SSB
To explore the possible interaction between the DNA-damage inducible proteins
DinG and SSB (18), we purified both proteins from E. coli cells as described in Materials
and Methods. The SDS PAGE gel analysis showed that both proteins were purified to a
single-band (Figure 2.1A). While purified DinG had an absorption peak at 403 nm of the
[4Fe-4S] cluster (15), purified SSB only had the 280 nm protein absorption peak (Figure
2.1B).

Figure 2.1 Purification of E. coli DinG and SSB
A), SDS-PAGE gel of purified E. coli DinG and SSB. Lane M, molecular weight
markers; lane 1, purified SSB; lane 2, purified DinG. B), UV-vis absorption spectrum of
purified E. coli SSB (spectrum 1) and DinG (spectrum 2). The proteins were dissolved in
buffer containing NaCl (500 mM) and Tris (20 mM, pH 8.0). The contraction of SSB and
DinG shown in B0 was 22 and 10 µM, respectively.
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Figure 2.2A shows the gel filtration profiles of purified SSB and DinG. While
purified E. coli SSB formed a tetramer with an apparent molecular weight of ~134 kDa,
as reported previously (19,24), purified E. coli DinG existed as a monomer with an
apparent molecular weight of ~78 kDa. However, when a mix of DinG and SSB was
loaded onto the gel filtration column, a new elution peak with an apparent molecular
weight of ~200 kDa appeared. The SDS-PAGE analyses of eluted fractions showed that
the new elution peak contained both DinG and SSB (Figure 2.2A, bottom panel).

Figure 2.2 Gel filtration analyses of the SSB/DinG protein complex
A), gel filtration profiles of SSB, DinG and a mix of SSB and DinG. Top panel, gel
filtration profiles of SSB (80 µM) (trace 1), DinG (20 µM) (trace 2), and a mix of SSB
(80 µM) and DinG (20 µM) (trace 3). The proteins were dissolved in buffer containing
NaCl (500 mM) and Tris (20 mM, pH 8.0) and eluted from the gel filtration column using
the same buffer. The molecular weights of the standard gel filtration protein markers
were labeled on x-axis. Bottom panel, SDS gel photos of the fractions (26 to 35) eluted
from the gel filtration column. The protein bands were indicated on the left side. B), gel
filtration profiles of SSB mutant F177C, DinG and a mix of SSB mutant F177C and
DinG. Top panel, gel filtration profiles of SSB mutant F177C (SSB-M) (80 µM) (trace
1), DinG (20 µM) (trace 2), and a mix of SSB-M (80 µM) and DinG (20 µM) (trace 3).
The molecular weights of the standard gel filtration protein markers were labeled on Xaxis. Bottom panel, SDS gel photos of the fractions (26 to 35) eluted from the gel
filtration column. The protein bands were indicated on the left side. Data are
representative of three independent experiments.
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Because SSB and DinG are both the DNA binding proteins, any DNA
contamination could contribute to formation of SSB/DinG complex.

Using DNA

indicator ethidium bromide, we were unable to detect any DNA in the protein samples.
We also treated the protein samples with DNase before the gel filtration analyses, and
found that the elution profiles were essentially identical when the protein samples were
treated with or without DNase, further suggesting that formation of SSB/DinG complex
does not depend on DNA.
E. coli SSB contains an N-terminal oligonucleotide/oligosaccharide binding
domain serving as the ssDNA binding site and the C-terminal highly conserved end (AspAsp-Asp-Ile-Pro-Phe) involving in the protein-protein interaction with multiple DNA
processing enzymes (21). To examine whether the C-terminal end of SSB is involved in
the protein-protein interaction with DinG, we constructed an E. coli SSB mutant in which
the C-terminal end residue Phe-177 was replaced with Cys (F177C). Consistent with the
previous report (22), we found that purified SSB mutant F177C formed a tetramer
(Figure 2.2B) and retained the same DNA binding activity as wild-type SSB (data not
shown). However, when a mix of SSB mutant F177C and DinG was loaded onto the gel
filtration column, a broad elution profile corresponding to the combination of the peaks
of SSB mutant F177C and DinG was observed (Figure 2.2B). The SDS-PAGE analyses
of the eluted fractions confirmed that, unlike wild-type SSB, SSB mutant F177C failed to
form a stable protein complex with DinG (Figure 2.2B, bottom panel).
To further explore the protein-protein interaction between SSB and DinG, we
adapted protein co-precipitation approaches following the procedures described in (23).
Unlike other proteins, SSB precipitates at a low concentration of ammonium sulfate in

31

solution. Any protein that forms a stable protein complex with SSB would co-precipitate
with SSB (23). As shown in Figure 2.3A, wild-type SSB co-precipitated a significant
amount of DinG in the presence of 150 g/liter ammonium sulfate. In contrast, SSB
mutant F177C failed to co-precipitate any DinG under the same experimental conditions
(Figure 2.3B). Thus, wild-type SSB, but not SSB mutant Y177C, is able to form a stable
protein complex with DinG via specific protein-protein interaction.

Figure 2.3 Protein co-precipitation analyses of SSB and DinG
E. coli DinG (20 µM), SSB (panel A) or SSB mutant F177C (pane B) (80 µM) in buffer
containing Tris (10 mM, pH 7.2) NaCl (150 mM), and glycerol (10% (v/v)) was
incubated with ammonium sulfate (150 g/liter) in various solutions as indicated by +
symbols. After incubation, samples were centrifuged. Pellet (P) and supernatant (S)
fractions were loaded on the SDS polyacrylamide gel. The results are representative of
three independent experiments.
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E. coli SSB enhances the DinG DNA helicase activity
Formation of SSB/DinG complex led to an idea that SSB may modulate the DinG
DNA helicase activity via protein-protein interaction. Using the previously established
DNA helicase activity assay (2), we explored the effect of SSB on the DinG DNA
helicase activity. Figure 2.4A shows that addition of SSB indeed stimulated the DinG
DNA helicase activity by at least two folds. We also analyzed the DinG DNA helicase
activity in the presence of a fixed concentration of DinG and increasing concentrations of
SSB, and found that as the SSB concentration was gradually increased, the DinG DNA
helicase activity was progressively increased (Figure 2.4B). A 5-10 fold excess of SSB
required for stimulating the DinG DNA helicase activity (Figure 2.4B) could be due to
the substrate ssDNA M13 plasmid which may titrate out SSB in the reaction solution.
Nevertheless, the results clearly suggest that E. coli SSB is able to stimulate the DinG
DNA helicase activity under the experimental conditions.

Figure 2.4 E. coli SSB stimulates the DinG DNA helicase activity
A), purified DinG was incubated with the 32P-radioactive-labeled substrate and ATP with
or without SSB at 30°C for 15 min. Lane H, the sample was heated at 85°C for 5 min.
Lane 1, no DinG. Lanes 2 to 4, with 25, 50 and 100 nM DinG. Lanes 5 to 7, with 1 µM
SSB and 25, 50 and 100 nM DinG). Lane 8, no DinG and 1 µM SSB only. B), purified
DinG was incubated with the 32P-radioactive-labeled substrate (2 nM), ATP (2 mM) and
SSB at 30°C for 15 min. Lane H, the sample was heated at 85°C for 5 min. Lane 1, no
DinG or SSB. Lanes 2 to 6, with 50 nM DinG and 0,50, 100, 250, 500 nM SSB,
respectively. Similar results were obtained from three independent experiments.
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SSB mutant F177C is a potent inhibitor for the DinG DNA helicase
As a single-stranded DNA binding protein, SSB may regulate the DinG DNA
helicase activity by binding to ssDNA, a substrate/product of the DNA helicase. If a
protein that binds ssDNA could stimulate the DinG DNA helicase activity, we expect that
SSB mutant F177C which retains the same ssDNA binding activity as wild-type SSB
should also stimulate the DinG DNA helicase activity.
To our surprise, unlike wild-type SSB, SSB mutant F177C not only failed to
enhance the DinG DNA helicase activity but inhibited the DinG DNA helicase activity
(Figure 2.5A). To further explore whether other ssDNA binding proteins could inhibit
the DinG DNA helicase activity, we used bacteriophage protein gp32, a structurally
unrelated ssDNA binding protein (19) and found that gp32 had an even stronger
inhibitory effect on the DinG DNA helicase activity (Figure 2.5B). Thus, the specific
protein-protein interaction between wild-type SSB and DinG is likely responsible for
stimulation of the DinG DNA helicase activity by SSB. On the other hand, the ssDNA
binding activity of SSB appears to inhibit the DinG DNA helicase activity.
The observation that wild-type SSB and SSB mutant F177C have an opposite
effect on the DinG DNA helicase activity demonstrates the crucial role of the C-terminal
end F-177 in SSB. It has been reported that mutation of F177C in SSB severely impairs
the E. coli cell’s viability (22), and F177 may directly interact with multiple DNA
processing enzymes (21). Here we show that SSB mutant F177C, which retains the
ssDNA binding activity as wild-type SSB (22), fails to form a stable SSB/DinG/
complex.

We envision that formation of SSB/DinG complex may subtly alter the

structure of both proteins: for DinG, binding of SSB may lead to an enhanced DNA
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helicase activity; for SSB, binding of DinG may weaken the ssDNA binding activity. As
a consequence, specific protein-protein interaction between SSB and DinG stimulates the
DinG DNA helicase activity. In contrast, SSB mutant F177C does not form a stable
protein complex with DinG, thus fails to stimulate the DinG DNA helicase activity.
Instead, the ssDNA binding activity of SSB mutant F177C effectively blocks the access
of DinG to substrate ssDNA and inhibits the DinG DNA helicase activity. In line with
this idea, we found that while wild-type SSB can enhance the endogenous ATPase
activity of DinG, SSB mutant F177C effectively inhibits the ATPase activity of DinG
(unpublished data).

Nevertheless, additional experiments are required to illustrate

molecular details of the SSB-mediated activation of the DinG DNA helicase activity.

Figure 2.5 SSB mutant F177C inhibits the DinG DNA helicase activity
A), purified DinG was incubated with the 32P-radioactive-labeled substrate (2 nM) and
ATP (2 mM) with or without SSB mutant F177C at 30°C for 15 min. Lane H, the sample
was heated at 85°C for 5 min. Lane 1, no DinG. Lanes 2 to 4, with 50, 100 and 200 nM
DinG. Lanes 5 to 8, with 1 µM SSB mutant F177C and 0, 50, 100, and 200 nM DinG. B),
purified DinG was incubated with the 32P-radioactive-labeled substrate (2 nM) and ATP
(2 mM) with or without bacteriophage protein gp32 at 30°C for 15 min. Lane H, the
sample was heated at 85°C for 5 min. Lane 1, no DinG. Lanes 2 to 4, with 50, 100 and
200 nM DinG. Lanes 5 to 8, with 500 nM gp32 and 0, 50, 100, and 200 nM DinG. Data
are representative of three independent experiments.
The known proteins that interact with E. coli SSB include the primase for DNA
replication DnaG (25), exonuclease I (26), the DNA helicase RecQ (23,24), uracil DNA
glycosylase (27), the c subunit of DNA polymerase III (28), DNA polymerase V (29),

35

topoisomerase III (30), the replication re-start protein DNA helicase PriA (31), DNA
helicase RecG (32), recombination mediator RecO (33,34), and the maintenance of
genome stability protein A (35).

In a number of of the SSB-binding proteins, a

hydrophobic pocket and basic residues have been identified for accommodation of the Cterminal end Phe-177 and Asp residues of SSB (21,24,33,36). In Gram-positive Bacillus
subtilis, SSB has also been shown to recruit DNA helicases PriA and RecG and
recombination mediator RecO, and to re-start the arrested chromosomal replication forks
(37). In archaea, the single-stranded DNA binding protein RPA (Replication Protein A)
has been shown to interact with DNA helicase XPD (38,39) and RNA polymerase (40).
In eukaryotes, RPA interacts with DNA polymerase a (41) and DNA helicase
FANCJ/BACH1 (42,43), and is likely responsible for coordinating repair of doublestranded DNA breaks (44). In this context, we propose that E. coli DinG is a new
member of the DNA processing protein family that can be regulated by SSB. When cells
are subject to DNA damaging agents, DinG together with other DNA repair proteins
including SSB are highly induced (1,18), and SSB in turn stimulates the activity of the
DinG DNA helicase and other DNA repair enzymes to promote efficient repair of DNA
damage.
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CHAPTER 3. IRON AND ZINC BINDING ACTIVITY OF ESCHERICHIA COLI
TOPOISOMERASE I HOMOLOG YRDD
3.1 Introduction
Escherichia coli topoisomerase I belongs to type I subfamily DNA
topoisomerases (1,2). The enzyme contains an N-terminal catalytic fragment (67 kDa)
and a C-terminal zinc-binding region (30 kDa).

While the N-terminal fragment is

sufficient for cleaving single-stranded DNA, the C-terminal region is required for
relaxing the negatively supercoiled DNA (3,4) and for interacting with RNA polymerase
(5). It has also been reported that the enzyme activity of topoisomerase I is regulated by
the C-terminal and N-terminal domain interactions and by divalent metal ions such as
Mg2+ and Mn2+ (6). Genome-wide search revealed that E. coli has two topoisomerase I
homologs: topoisomerase III and a function-unknown protein YrdD. Topoisomerase III
is homologous to the N-terminal domain of topoisomerase I and has a crucial role in
genomic stability (7) and chromosome segregation (8). On the other hand, YrdD is
homologous to the C-terminal zinc-binding region of topoisomerase I. YrdD is highly
conserved among proteobacteria and enterobacteria. Although the function of YrdD is
unknown, recent genetic studies indicated that YrdD may have an important role in DNA
repair as inactivation of YrdD suppresses the severe growth inhibition phenotype of an E.
coli mutant with deletions of the key DNA recombination repair protein RecA and the
bacterial dNTPase RdgB which removes non-canonical DNA precursors such as dIPT in
cells (9).
This chapter previously appeared as Zishuo Cheng, Guoqiang Tan, Wu Wang, Xiaolu Su,
Aaron P. Landry, Jianxin Lu, Huangen Ding, Iron and zinc binding activity of
Escherichia coli topoisomerase I homolog YrdD, 01/29/2014. It is reprinted by
permission of Springer.
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In previous studies, we reported that topoisomerase I is able to bind both iron and
zinc in the C-terminal region in E. coli cells, and that unlike the zinc-bound
topoisomerase I, the iron-bound enzyme fails to relax the negatively supercoiled DNA
(10). In the present study, we find that YrdD, the homolog of the topoisomerase I Cterminal region, can also bind both iron and zinc in vivo. Furthermore, the zinc-bound
YrdD has a strong binding affinity for single stranded (ss) DNA and protects ssDNA
from the DNase I digestion in vitro. In contrast, the iron-bound YrdD has very little or
no binding activity for ssDNA. The results suggest that the zinc-bound YrdD may
contribute to the DNA repair activity by interacting with ssDNA and that the ssDNA
binding activity of YrdD may be regulated by the iron and zinc binding in the metal
binding sites in the protein.

3.2 Materials And Methods
Protein purification
The DNA fragment encoding YrdD was amplified from the wild-type E. coli
genomic

DNA

with

PCR

using

two

CATGCCATGGCGAAATCAGCACTGTTCAC-3’)
CCCAAGCTTTTCCGCCGAAACCGGCTTTC-3′).

primers:
and

YrdD-1
YrdD-2

(5’(5′-

The PCR product was digested

with restriction enzymes NdeI and HindIII, and ligated to an expression vector pET28b+
(Novagen co). The cloned DNA fragment was confirmed by direct sequencing (Genomic
Facility, LSU). Recombinant YrdD was expressed in E. coli BL21 strain in either LB
(Luria-Bertani) medium or M9 minimal medium supplemented with glucose (0.2%),
thiamin (5 mg/ml) and 20 amino acids (each at 10 mg /ml). E. coli YrdD, IscU (11),
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topoisomerase I (10) and the single-stranded DNA binding protein SSB (12) were
purified following the procedure described previously. The molecular weight of purified
YrdD was confirmed by mass spectrometer. The purity of purified protein was over 95%
judging from the SDS/PAGE. The protein concentration of YrdD was measured at 280
nm using an extinction coefficient of 9.6 cm-1mM-1.
Metal content analyses
Total iron content in protein samples was determined using an iron indicator
FerroZine following the procedures described in (13). Total zinc content in protein
samples was determined using a zinc indicator PAR (4-(2-pyridylazo)-resorcinol)
following the procedures in (14). The zinc and iron contents in purified proteins were
also measured by the Inductively Coupled Plasma-Emission Spectrometry (ICP-ES)
(Chemical Analysis Laboratory, University of Georgia). Both metal content analyses
produced similar results.
The DNA binding activity assay
The DNA binding activity assay was carried out using a fluorescence labeled
40mer (5’-F*-AATTGCGATCTAGCTCGCCAGUAGCGACCTT ATCTGATGA-3’)
(Operon co.). For the single-stranded (ss) DNA binding assay, the fluorescence-labeled
40mer was incubated with protein in buffer containing Tris (20 mM, pH 8.0), NaCl (50
mM), β-mercaptoethanol (1mM), MgCl2 (1mM), and bovine serum albumin (BSA) (0.5
mg/mL). For the double-strand (ds) DNA binding assay, the fluorescence labeled 40mer
was annealed to a complementary ssDNA in an annealing buffer containing Tris (50 mM,
pH 8.0), NaCl (50 mM), and MgCl2 (10 mM). Prepared dsDNA was incubated with
protein in buffer at room temperature for 15 min, and the samples were loaded on to a

44

0.6% agarose gel in TEA (40 mM Tris acetate and 1 mM EDTA, pH 8.0) buffer. The
agarose gel was run at 10 V per cm for 30 min at room temperature and photographed in
a KODAK Gel Logic 200 Imaging System. The intensity of the DNA bands on agarose
gels was quantified using the ImageJ software (NIH).
The DNA protection activity assay
The ssDNA protection activity assays were carried out by incubating ssDNA
(70mer)

(5’-

GAATGAAGGTATGCTGCATTAATCATTTCTTTAATTCAGCATAAGTTGTTGTG
TAGGCTGGAGCTGCTTC-3’) (Operon co.) (1M) with indicated concentrations of
proteins in reaction solutions containing Tris (20mM, pH 8.0), NaCl (50 mM), βmercaptoethanol (1 mM), MgCl2 (1 mM), CaCl2 (1.5 mM), and BSA (0.5 mg/mL) at
room temperature for 15 minutes. DNase I (Sigma co) was then added to the incubation
solutions. Reactions were incubated at 37oC for additional 10 minutes, and terminated by
adding 4 mL stop solution (containing SDS (6%), EDTA (60 mM) and Bromophenol
Blue (0.3%)). The products were analyzed by loading the samples on a 0.6% agarose gel
in TEA buffer (40 mM Tris acetate and 1 mM EDTA, pH 8.0). The agarose gels were
stained with 0.5µg/ml Ethidium Bromide for 30 min and photographed in a KODAK Gel
Logic 200 Imaging System. The amount of ssDNA on agarose gel was quantified using
the ImageJ software (NIH), and compared to that of the undigested ssDNA band to obtain
the percentage of the ssDNA protection activity (%).
EPR measurements
The electron paramagnetic resonance (EPR) spectra were recorded at X-band on a
Bruker ESR-300 spectrometer equipped with an Oxford Instruments 910 continuous flow
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cryostat. EPR conditions were: microwave frequency, 9.45 GHz; microwave power, 10
mW; modulation frequency, 100 kHz; modulation amplitude, 2 mT; sample temperature,
10 K; receive gain, 1 x 105.

3.3 Results
E. coli YrdD is an iron and zinc binding protein
When recombinant YrdD is expressed in E. coli cells grown in LB medium,
purified YrdD has a reddish color (Figure 3.1 insert).

The UV-visible absorption

measurements revealed that purified YrdD has three major absorption peaks at 345 nm,
482 nm and 563 nm, indicative of iron binding in the protein (Figure 3.1A). The
absorption peaks disappear when the protein is reduced with sodium dithionite and
partially restored after the reduced protein is exposed to air (Figure 3.1A), indicating that
the iron center in YrdD is redox active. The total metal content analyses of purified
YrdD showed that each YrdD monomer contains 0.46±0.14 iron atoms and 0.62±0.21
zinc atoms (n = 3).
The electron paramagnetic resonance (EPR) was also used to probe the iron
binding in YrdD. As shown in Figure 3.1B, purified YrdD has an EPR signal at g = 4.3,
reflecting a mononuclear ferric iron center in the protein. Addition of sodium dithionite
completely eliminated the EPR signal, confirming that the iron center in YrdD can be
reduced with dithionite.
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Figure 3.1 The E. coli topoisomerase I homolog YrdD binds a mononuclear iron center
Recombinant YrdD was purified from E. coli cells grown in LB media under aerobic
growth conditions. A), UV-visible absorption spectra of purified YrdD. YrdD (32 µM)
(spectrum 1) was reduced with sodium dithionite (1.5 mM) (spectrum 2), followed by
exposure to air for 30 min (spectrum 3). Insert is a photograph of purified YrdD (200
µM). B), EPR spectra of purified YrdD. YrdD (200 µM) was dissolved in buffer
containing Tris (20 mM, pH 8.0) and NaCl (500 mM) before and after reduced with
sodium dithionite (1.5 mM).
Excess zinc in growth media competes off the iron binding in YrdD in E. coli cells
To explore the iron and zinc binding competition in YrdD, the protein is
expressed in E. coli cells grown in LB media supplemented with increasing amounts of
zinc. Figure 3.2A shows the UV-visible absorption spectra of YrdD proteins purified
from the E. coli cells grown in LB media supplemented with different amounts of zinc.
As the concentration of zinc in LB media is increased, the absorption peaks at 345 nm,
482 nm and 563 nm are gradually decreased, and completely eliminated when LB media
are supplemented with 0.25 mM ZnSO4. The total metal content analyses revealed that
when the concentration of ZnSO4 in LB media is increased from 0 to 0.25 mM, the iron
content in YrdD is progressively decreased (Figure 3.2B) with concomitant increase of
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the zinc binding in YrdD to about three zinc atoms per YrdD monomer (Figure 3.2C) (n
= 3).

Figure 3.2 Competition of iron and zinc binding in YrdD in E. coli cells
A), UV-visible absorption spectra of YrdD purified from E. coli cells grown in LB
medium supplemented with 0.0 mM (spectrum 1), 0.1 mM (spectrum 2), 0.25 mM
(spectrum 3) and 0.5 mM ZnSO4 (spectrum 4). The concentration of each purified protein
was about 80 µM. Insert is a photograph of the SDS polyacrylamide electrophoresis gel
of purified YrdD proteins. B), iron contents of YrdD purified from E. coli cells grown in
the LB growth medium supplemented with 0.0 mM, 0.1 mM, 0.25 mM and 0.5 mM
ZnSO4. C), zinc contents of YrdD purified fromE. coli cells grown in LB growth medium
supplemented with 0.0 mM, 0.1 mM, 0.25 mM and 0.5 mM ZnSO4. The data in B and C
are the averages with standard deviation from three independent experiments.
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The zinc-bound YrdD has the ssDNA binding activity
The C-terminal region of the E. coli topoisomerase I has been shown to have a
strong ssDNA binding activity (4). To determine whether YrdD also has the similar
DNA binding activity, we prepared YrdD protein that contains only iron or zinc by
expressing the protein in E. coli cells grown in the M9 minimal media supplemented with
either iron or zinc, respectively. Figure 3.3A shows the UV-visible absorption spectra of
YrdD purified from the E. coli cells grown in the M9 minimal media supplemented with
either iron or zinc. The metal content analyses revealed that the iron-bound YrdD
contains 1.2±0.3 iron atom and no zinc per YrdD monomer and the zinc-bound YrdD
contains 3.1±0.21 zinc atoms and no iron per YrdD monomer (n=3).
Purified YrdD proteins are then tested for their DNA binding activity. Figure
3.3B shows that the zinc-bound YrdD has a strong binding activity for ssDNA with an
almost stoichiometric binding of YrdD to ssDNA (40mer). In contrast, the iron-bound
YrdD has very little or no ssDNA binding activity. In controls, whereas the E. coli
single-stranded DNA binding protein SSB forms the SSB-ssDNA complex (12,15), the E.
coli iron-sulfur cluster assembly protein IscU, a zinc-bound protein (16), fails to bind any
ssDNA (Figure 3.3B), validating the specific ssDNA binding activity of the zinc-bound
YrdD. We also compared the ssDNA binding activity of the zinc-bound YrdD and SSB
(Figure 3.3C). Due to stoichiometric binding of YrdD to ssDNA, we were unable to
determine the dissociation constant of the zinc-bound YrdD with ssDNA. Nevertheless,
the results clearly demonstrate that the zinc-bound YrdD has a comparable ssDNA
binding activity as SSB under the experimental conditions.

49

Figure 3.3 The Zn-bound YrdD has the ssDNA binding activity
A), UV-visible absorption spectra of Zn-YrdD and Fe-YrdD. Recombinant YrdD was
expressed in E. coli cells grown in M9 minimal media supplemented with 40 µM
Fe(NH4)2(SO4)2 (spectrum 1) or 40 µM ZnSO4 (spectrum 2). The protein concentration
was about 16 µM. Insert is a photograph of the SDS polyacrylamide electrophoresis gel
of Fe-YrdD (1) and Zn-YrdD (2). B), ssDNA binding activity of YrdD. Zn-YrdD, FeYrdD, IscU, and SSB were incubated with the fluorescein-labeled ssDNA (4 µM) at room
temperature for 15 min. The samples were loaded onto a 0.6% agarose gel to resolve the
protein-ssDNA complex from “free” ssDNA. C), comparison of the ssDNA binding
activity of Zn-YrdD and SSB. The fluorescein-labeled ssDNA (4 µM) was incubated
with increasing concentrations of Zn-YrdD and SSB at room temperature for 15 min. The
samples were loaded onto a 0.6% agarose gel to resolve the protein-ssDNA complex
from “free” ssDNA. D), comparison of the ssDNA and dsDNA binding activity of ZnYrdD. Fluorescein-labeled ssDNA (left panel) or dsDNA (right panel) (4 µM) was
incubated with increasing concentrations of Zn-YrdD for 15 min at room temperature.
The samples were loaded into a 0.6% agarose gel to resolve the protein-DNA binding
complex from “free” DNA. SSB (last lane) had no dsDNA binding activity. The data are
representative of three independent experiments.
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We further explored the binding activity of the zinc-bound YrdD for ssDNA and
dsDNA under same experimental conditions. As shown in Figure 3.3D, the zinc-bound
YrdD has much less binding activity for dsDNA than for ssDNA, and SSB has no
dsDNA binding activity. These results suggest that the zinc-bound YrdD prefers to bind
ssDNA with a high binding affinity over dsDNA, while the iron-bound YrdD has very
little or no binding activity for ssDNA or dsDNA.

The zinc-bound YrdD protects ssDNA from the DNase I digestion
The finding that the zinc-bound YrdD binds ssDNA led us to inquire whether
YrdD can protect ssDNA.

In the experiments, ssDNA is incubated with a fixed

concentration of YrdD and increasing amounts of DNase I.

After incubation, the

undigested ssDNA is analyzed by the agarose gel electrophoresis. As shown in Figure
3.4A, the zinc-bound YrdD can indeed protect ssDNA from the DNase I digestion, while
the iron-bound YrdD has no such an activity. We also compared the ssDNA protection
activity of the zinc-bound YrdD, IscU and SSB under the same experimental conditions.
As shown in Figure 3.4B, while the zinc-bound YrdD and SSB can effectively protect
ssDNA from the DNase I digestion, IscU and the iron-bound YrdD fail to protect ssDNA
from the DNase I digestion.
3.4 Discussion
In this study, we report that E. coli YrdD, previously annotated as one of the
topoisomerase I homologs, is an iron/zinc binding protein. When recombinant YrdD is
expressed in E. coli cells grown in LB media, purified protein contains both iron and zinc.
Increasing zinc content in LB media competes off the iron binding in YrdD in E. coli
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Figure 3.4 The Zn-bound YrdD protects ssDNA from DNase I digestion
A), protective activity of Zn-YrdD and Fe-YrdD on ssDNA. The ssDNA (70mer) (1 µM)
was incubated with 8 µM Zn- or Fe-YrdD at room temperature for 15 min, followed by
digestion with 0, 10 or 20 µg/ml DNase I for 15 min. The samples were then loaded onto
1% agarose gel for quantification of intact ssDNA. B), protective activity of Zn-YrdD,
Fe-YrdD, IscU, and SSB on ssDNA. The ssDNA (70mer) (1 µM) was incubated with
indicated concentrations of proteins and treated with DNase I (10 µg/ml) at room
temperature for 15 min. The samples were loaded onto 1% agarose gel for quantification
of intact ssDNA. The amount of the ssDNA band was analyzed with ImageJ software
(NIH) and compared to that of the undigested ssDNA band to obtain the percentage of
the ssDNA protection activity (%). The data are the averages with standard deviations
from three independent experiments.
cells, suggesting that iron and zinc likely share the same binding sites in YrdD. Our
results further reveal that the zinc-bound YrdD has a strong binding activity for ssDNA
and protects ssDNA from the DNase I digestion. In contrast, the iron-bound YrdD fails
to bind ssDNA or protect ssDNA from the DNase I digestion. The results suggest that
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the zinc-bound YrdD may have an important role in DNA repair by interacting with
ssDNA in E. coli cells.
Zinc is an essential trace metal that facilitates correct folding of proteins,
stabilizes the domain structure, and plays important catalytic roles in enzymes (17).
Depletion of zinc in growth medium results in slow-growth phenotype and activation of
zinc uptake systems in E. coli cells (18). On the other hand, excess zinc is highly toxic to
cells (19). Since iron and zinc have a similar ligand binding coordination (20), it is
expected that iron and zinc may compete for the metal binding sites in proteins. In the
previous studies, we reported that E. coli topoisomerase I is able to bind zinc or iron in
the C-terminal zinc-binding region (10). While the zinc-bound topoisomerase I is fully
active to unwind the negatively supercoiled DNA, the iron-bound topoisomerase I has
very little or no enzyme activity (10). Here, we find that YrdD, a homolog of the Cterminal region of topoisomerase I, is also capable of binding zinc and iron in E. coli cells
(Figure 3.2), supporting the notion that iron and zinc may compete for the metal binding
sites in these proteins. Interestingly, only the zinc-bound YrdD can bind ssDNA (Figure
3.3), suggesting that zinc binding may result in subtle structural change of YrdD to
facilitate the ssDNA binding and protect ssDNA from the DNase I digestion. It appears
that that zinc is a preferred metal for the metal-binding sites in YrdD (Figure 3.3A) and in
the C-terminal region of topoisomerase I (4). Nevertheless, deficiency of zinc or excess
iron in cells may produce the iron-bound YrdD and topoisomerase I. In this regard, the
ssDNA binding activity of YrdD and the enzyme activity of topoisomerase I may be
regulated by intracellular iron and zinc contents.
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The C-terminal region of E. coli topoisomerase I is essential for relaxing the
negatively supercoiled DNA (3,4), likely through strong interaction with ssDNA (4) and
direct interaction with the N-terminal domain of the protein (6). Here we find that the
zinc-bound YrdD, but not the iron-bound YrdD, retains strong binding affinity for
ssDNA and relatively weak binding activity for dsDNA (Figure 3.3D).

While the

physiological function of YrdD remains elusive, our results suggest that YrdD is able to
protect ssDNA via interaction with ssDNA. This idea is consistent with the recent study
showing that inactivation of the gene encoding YrdD can suppress the severe growth
inhibition phenotype of an E. coli mutant with deletion of the DNA recombination repair
protein RecA and the bacterial dNTPase RdgB which degrades non-canonical DNA
precursors (9). Deficiency of RdgB will result in accumulation of the clastogenic DNA
precursors such as dIPT in cells and endonuclease V may nick DNA near the base
analogues to initiate excision repair (21). Further inactivation of RecA protein may block
recombinational repair, which leads to severe growth inhibition.

Deletion of

endonuclease V or YrdD appears to inhibit the endonuclease V-initiated repair pathway
and suppresses the severe growth inhibition phenotype of the E. coli cells with deletions
of RecA and RdgB (9). Thus, YrdD and endonuclease V may work in concert in the
DNA repair pathways. Since YrdD is a relatively small protein (180 amino acids), it is
most likely that YrdD will have partners such as endonuclease V for its physiological
functions in cells. Additional partners of YrdD remain to be further identified in cells.
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CHAPTER 4. CONCLUSIONS
We propose that E.coli DinG is a new member of the DNA processing protein
family that can be regulated by single-strand DNA binding protein SSB. When cells are
exposing to DNA damaging agents, DinG protein and other DNA repair proteins
including SSB are highly induced, and SSB in turn stimulates that activity of the DinG
helicase and other DNA repair enzymes to promote efficient repair of DNA damage.
In addition, we find that YrdD, a homolog of E.coli topoisomerase I, is novel iron
binding protein. Supplement of exogenous zinc in medium abolishes the iron binding of
YrdD in E.coli cells. While the zinc-bound YrdD can bind ssDNA and protect it from the
DNAse I digestion in vitro, the iron-bound YrdD has no binding activity for ssDNA,
suggestion that zinc-bound YrdD have an important role in DNA repair by interaction
with ssDNA in cells.

57

APPENDIX: PERMISSION TO INCLUDE PUBLISHED WORK

58

59

VITA
Zishuo Cheng, a native of Beijing, China, received his bachelor’s degree at Wuhan
University in 2007. Thereafter, he received his master’s degree in Chinese Academy of
Sciences. As his interest in biochemistry grew, he made the decision to enter graduate
program in the Department of Biological Sciences at Louisiana State University. He will
receive his Ph.D. degree in Dec 2015 and will begin his postdoctoral position upon
graduation.

60

